The outcomes of interspecific interactions between parasitoids depend on a variety of factors. Understanding the influence of these factors is important for classical biological control, where the success of parasitoid releases partly depends on interactions with native and other introduced species. However, results from laboratory experiments may not always reflect those in the field, as densities may be artificially inflated. To mitigate this problem, we examined the effects of multiple densities on interspecific competition between two larval parasitoids of emerald ash borer (Agrilus planipennis Fairmaire): Spathius galinae Belokobylskij and Tetrastichus planipennisi Yang. Parasitoid species were housed individually or together at two different densities, and we measured the effects on percent parasitism and progeny production, before calculating the interaction strengths. We found no significant effects of parasitoid density on percent parasitism, but the effect of competition on parasitism generally was reduced at lower densities. However, there were significant differences in parasitism by species, with S. galinae parasitizing more larvae than T. planipennisi. There were also no significant effects of parasitoid density on the number of progeny produced by each species, though the effect of competition on progeny production was greater at higher densities. Similarly, though, there were significant differences between species in the number of progeny produced. Specifically, T. planipennisi consistently produced larger broods than S. galinae. Our findings complement existing research suggesting that competition between these two species in the field will likely be negligible.
The strength and outcome of interspecific competition among parasitoids can be influenced by many factors relating to development and behavior (Harvey et al. 2013 , Cusumano et al. 2016 . Such factors include host and/or parasitoid density (Jaloux et al. 2004 , Wang et al. 2015 , host specificity (Bili et al. 2016) , development rate (Walker et al. 2016) , and life-history strategy (Savino et al. 2017) . Understanding the relative importance of these factors is important as parasitoids are often used in classical biological control (De Moraes et al. 1999 , Wang et al. 2015 , and the success of biological control depends in part on the interactions between multiple agents that may be released.
Interspecific competition between nonnative biological control agents can suppress the intended benefits of introducing these natural enemies (Paynter and Hennecke 2001) . Further, unexpected competitive interactions can also extend to native natural enemies (Schellhorn et al. 2002 , Evans 2004 . Thus, pre-release testing is important to reduce the risk of competition between biological control agents as well as effects on nontarget species (Barratt et al. 2010 , Jennings et al. 2017 . However, given the risks associated with introducing nonnative species, preliminary testing often must be conducted in laboratories and under quarantine conditions.
One of the challenges when working in laboratories is that the sizes of experimental venues typically are limited and densities may be artificially inflated. Interactions occurring at a small-scale do not always reflect those occurring at a larger-scale (Skelly 2002 , Ulyshen et al. 2010 , Schmitz 2012 , and consequently the ecological relevance of results from laboratory studies can be reduced. However, one way to improve the ecological relevance of laboratory studies could be to manipulate the sizes of the experimental venues used and vary the densities of study species. With multiple densities in the laboratory, results may be more able to accurately predict outcomes in the field. We examined this idea using a system comprising an invasive beetle and two parasitoids introduced for the purposes of biological control.
Emerald ash borer, Agrilus planipennis Fairmaire is an invasive pest of ash trees (Fraxinus spp.) in North America and Europe (Straw et al. 2013, Herms and . Emerald ash borer was first detected in Michigan, United States, and Ontario, Canada in 2002, after being accidentally introduced to North America from northeast Asia sometime in the 1990s (Cappaert et al. 2005 , Herms and McCullough 2014 , Siegert et al. 2014 . At the initiation of the emerald ash borer biocontrol program, three parasitoids were released: one egg parasitoid, Oobius agrili Zhang and Huang (Hymenoptera: Encyrtidae), and the larval parasitoids Spathius agrili Yang (Hymenoptera: Braconidae) and Tetrastichus planipennisi Yang (Bauer et al. 2015 , Duan et al. 2018 . Although T. planipennisi has established populations in North America, S. agrili generally has not been as successful (Bauer et al. 2015 , Davidson and Rieske 2016 , Jennings et al. 2016 . Consequently, another Spathius species, S. galinae Belokobylskij, has recently been released in North America (Belokobylskij et al. 2012; Duan et al. 2015 Duan et al. , 2018 .
Our objective here was to determine whether parasitoid density affected interspecific competition between S. galinae and T. planipennisi. To manipulate density, we used two different sized cylinders housing the same numbers of parasitoids and measured the effects on parasitism and progeny production. We predicted that the strength of interspecific competition between these species would be reduced as the parasitoid density declined in the larger cylinders.
Methods

Parasitoids
Spathius galinae (Fig. 1a) is an idiobiont ectoparasitoid of third and fourth instar emerald ash borer larvae and is native to the Russian Far East and South Korea (Belokobylskij et al. 2012) . Tetrastichus planipennisi (Fig. 1b ) is a gregarious koinobiont endoparasitoid of the same emerald ash borer instars as S. galinae and is native to China (Yang et al. 2006) . Spathius galinae ovipositors are 4-5 mm in length , which is around twice the length of T. planipennisi ovipositors (averaging 1.9-2.6 mm in length) (Duan and Oppel 2012) . Although T. planipennisi is less abundant in the Russian Far East , there is some overlap in the native and introduced ranges of these two parasitoids (Duan et al. 2018) .
Generally, the methods in the present study followed those described in Wang et al. (2015) . The parasitoids used were from laboratory colonies maintained at the Beneficial Insects Introduction Research Unit in Newark, DE Oppel 2012, Yang et al. 2012) . The original colony of T. planipennisi was collected from Liaoning, China in September 2008 (Duan et al. 2011a (Duan et al. , 2013a , and the S. galinae colony was collected in 2010 from Vladivostok, Russian Far East .
Adult parasitoids were reared in ventilated acrylic cylinders 12 cm in diameter and 20 cm in height (Consolidated Plastics, Stow, OH), for at least 1 wk after emergence. Male and female parasitoids were held together to ensure group mating, and provided with food (clover honey streaked onto the mesh ventilation circles) and water. The ventilated acrylic cylinders with parasitoid adults were maintained in environmental chambers (Percival Scientific, Perry, IA) under conditions of 25 ± 2°C, 55-65% RH, and a 16:8 (L:D) h photoperiod. The 23rd-26th generations of T. planipennisi and 14th-21st generations of S. galinae adult parasitoids were used in our experiment, with ages of 1-3 wk-old after emergence, at which point the parasitoids typically are ready for oviposition (Duan et al. 2011b (Duan et al. , 2014a .
Host Larvae
Emerald ash borer larvae were reared from eggs artificially attached to green ash (Fraxinus pennsylvanica Marshall) logs (3-5 cm diameter and 20 cm in length) using the methods described in Yang et al. (2012) and Duan et al. (2013b) . Emerald ash borer adults were obtained from the Maryland Department of Agriculture (Annapolis, MD) and USDA Forest Service, Northern Research Station (East Lansing, MI) via overnight shipment. These adults were held in oviposition cages with fresh ash foliage, and coffee filter papers as an oviposition substrate. Emerald ash borer eggs were collected from the coffee filter papers and artificially attached to green ash logs cut from field sites in Newark, DE, by placing the eggs against smooth bark surfaces and securing them with Parafilm until hatching. Emerald ash borer-infested logs were then placed on floral foam bricks (OASIS, Smithers-Oasis Company, Kent, OH), saturated with distilled water and a 0.1% solution of methyl paraben (to prevent fungus mold), within plastic bins (54 × 38 × 29 cm) in environmental chambers at 30°C. After 4-5 wk when emerald ash borer larvae developed to third/fourth instars, logs were removed for exposure to parasitoids (Duan et al. 2013b ). Emerald ash borer hatching rates on each log were checked prior to exposure, and those logs with < 2 hatched eggs were not used. Emerald ash borer-infested logs were placed into 120 cc specimen cups (Dynarex Co., Orangeburg, NY) (diameter 6 cm and 7.5 cm high) and filled with rock wool (Grodan, Netherlands) saturated with water to maintain moisture in the logs.
Experimental Design
To explore the effects of parasitoid density on the parasitism of emerald ash borer larvae, we crossed two sizes of cylinders ( Fig. 2) with three parasitoid treatments, while keeping the numbers of parasitoids the same. The two sizes of cylinders were: 1) 6 cm in diameter and 16 cm in height with a volume of 680 cm 3 , and 2) 10 cm in diameter and 42 cm in height, with a volume of 3,300 cm 3 . Each type of cylinder size included three parasitoid treatments: S. galinae-only, T. planipennisi-only, and both species together, resulting in a total of six experimental treatments. Green ash logs 3-5 cm in diameter and 20 cm long were used for host larvae rearing. Each log was infested with two emerald ash borer eggs and cultured in environmental chambers at 30°C for 5 wk to obtain fourth instar host larvae. For parasitoid exposure, one log with two host larvae was used in every replicate. Eight female S. galinae and eight female T. planipennisi (which had emerged for 1-3 wk and finished group mating), subsequently were introduced into each cylinder concurrently, either separately by species, or both species together. Thus, parasitoid densities were 11.8 and 23.5/1,000 cm 3 in the small cylinders (the 'high density' treatment), and 2.4 and 4.9/1,000 cm 3 in the large cylinders (the 'low density' treatment). Each treatment was replicated 10-14 times. Parasitoids were removed after 1 wk of exposure, and the logs of all treatments were dissected 2 wk after parasitoid exposure (while maintained in environmental chambers at 30°C). The number of emerald ash borer larvae parasitized, alive, or dead were recorded, as well as the parasitoid species and number of progeny on each parasitized host larva.
Statistical Analyses
Statistical analyses were carried out using SAS software version 10.0.0 (SAS Institute Inc. 2012). The multiple nominal logistic regression model was used to analyze the effects of each density treatment on the probability of an emerald ash borer larva being parasitized by S. galinae, T. planipennisi, or both parasitoids (i.e., multiparasitism). Any larvae killed by putative host plant resistance were excluded from the analyses. Although green ash trees are highly susceptible to emerald ash borer, newly infested trees can exhibit some level of putative host resistance (Duan et al. 2014b . Likelihood χ 2 tests were used to compare the parasitism rates of parasitoids in different density treatments, as well as the parasitism rates between the two species using results from single parasitoid species exposure treatments. Fisher exact test (two-tail) was used to compare the difference in parasitism rates when data included a 0 value. Analysis of variance (ANOVA) using PROC GLM followed by Tukey's separation of means test was used to compare the percentages of host larvae parasitized by S. galinae, T. planipennisi, or both parasitoids in all treatments; parasitism rates were arcsine square root transformed before conducting ANOVA (Sokal and Rohlf 2012) . ANOVA was also used to compare the mean number of parasitoid progeny produced by each species in different treatments, as well as the mean progeny number between both parasitoid species. Linear or nonlinear regression analyses were used to evaluate the relationships between host parasitism rates and parasitoid-host ratios. Finally, to further examine how the magnitude and direction of interactions changed with parasitoid density, we calculated the interaction strengths between parasitoid species using log response ratios of parasitism and progeny (Goldberg et al. 1999 ).
Results
Effects on Parasitism
Density treatment had no significant effects on host parasitism rates (χ 2 = 1.99, df = 3, P = 0.576), while parasitoid species significantly affected the probability of emerald ash borer parasitism (χ 2 = 102.79, df = 6, P < 0.001). More specifically, the parasitism rates of S. galinae in S. galinae-only exposure treatments were significantly higher than that of treatments with both species together (across all treatments: χ 2 = 14.92, df = 3, P = 0.002; high density: χ 2 = 8.77, df = 1; P = 0.003, Fig. 3a ; low density: χ 2 = 6.13, df = 1, P = 0.013, Fig. 3b ). Conversely, neither the parasitism rates of T. planipennisi (χ 2 = 2.69, df = 3, P = 0.442), nor the percentages of host larvae multiparasitized by both parasitoids (Fisher exact test two-tail P = 0.475), were significantly different among treatments. However, the parasitism rates between the two parasitoid species were always significantly different regardless of density treatment; S. galinae had significantly higher parasitism rates than T. planipennisi in single parasitoid exposure treatments (high density: χ 2 = 24.35, df = 1, P < 0.001, Fig. 3a ; low density: χ 2 = 33.84, df = 1, P < 0.001, Fig.  3b ). In treatments where both species together were exposed, the average percentage of host larvae parasitized by S. galinae was also significantly greater than that of T. planipennisi (F = 29.09, df = 2, 3, P = 0.011) ( Fig. 3a and b) . In terms of parasitism, the strength of the interaction between species was reduced in low-density treatments (Table 1) . Indeed, the presence of S. galinae actually had a small positive effect on T. planipennisi parasitism at low parasitoid densities (Table 1) .
Effects on Progeny
Neither the brood sizes of S. galinae (F = 0.60, df = 3, 59, P = 0.616), nor T. planipennisi were significantly different among treatments (F = 3.03, df = 3, 8, P = 0.094). However, the mean number of T. planipennisi progeny (69.42 ± 13.37) was always significantly greater than that of S. galinae (6.63 ± 0.34) (total: F = 120.67, df = 1, 73, P < 0.001; both species together at high density: df = 1, 13, F = 22.44, P < 0.001, Fig. 4a ; single species at high density: F = 130.05, df = 1, 18, P < 0.001, Fig. 4a ; both species at low density: F = 49.83, df = 1, 15, P < 0.001, Fig. 4b ; single species at low density: F = 125.88, df = 1, 21, P < 0.001, Fig. 4b) .
The strength of the interaction between species on progeny production generally inversely related to parasitoid density (Table 1) . However, the effect of reducing density was much more pronounced on the number of progeny produced by T. planipennisi (Table 1 ).
Discussion
We found that parasitoid density did not significantly affect the parasitism of S. galinae and T. planipennisi. There were, however, consistent differences in parasitism between the two species. Spathius galinae parasitized more host larvae than T. planipennisi at high and low parasitoid densities, and in both the presence and absence of T. planipennisi. These differences in parasitism between species could perhaps be a function of the respective host-searching abilities for these parasitoid genera (Wang et al. 2010 , Ulyshen et al. 2011 , Fahrner et al. 2014 . The percent parasitism of T. planipennisi when housed alone and at high density was similar to that found in its native range (~22%) (Liu et al. 2007 ) and in Michigan (~21%) (Duan et al. 2013a ). Both in the presence of S. galinae, and at lower densities, T. planipennisi parasitism was more similar to that found thus far elsewhere in North America, such as Maryland (~11%) (Jennings et al. 2016 ). The results for T. planipennisi likely reflect parasitoid density rather than competition. For instance, the surveys of T. planipennisi parasitism in Michigan and Maryland occurred before S. galinae was introduced in those states. Furthermore, T. planipennisi may have established populations more successfully in Michigan than Maryland (Duan et al. 2013a , Jennings et al. 2016 .
All treatments in the present study used the same sized ash logs, which were all smooth-barked. This may have given the larger S. galinae a distinct competitive advantage under laboratory conditions. However, bark thickness in the field is likely to be an important factor contributing to niche partitioning between these two parasitoids. With its much longer ovipositor than T. planipennisi, S. galinae can reach emerald ash borer larvae under thicker bark , Wang et al. 2015 . Field data support this assertion, as both S. galinae and T. planipennisi have been found coexisting naturally in the same forest (although not in the same host tree) in Russia (J. J. Duan, unpublished data). Consequently, tree size (and corresponding bark thickness) likely helps to reduce competition between these two parasitoids, if it does, in fact, occur under field conditions.
There was no effect of parasitoid density on the number of progeny produced by either parasitoid species. Although T. planipennisi produced fewer progeny at lower parasitoid densities, they always produced higher numbers of progeny than S. galinae. Duan et al. (2014b) found that over their lifetimes (6-8 wk), female S. galinae produced mean progeny numbers of 47 when reared in single pairs and 31 when reared in groups. Here, S. galinae produced ~7 progeny during a week of exposure when reared individually or with T. planipennisi at high and low densities. In contrast, the progeny produced by T. planipennisi generally was similar to numbers found in previous studies (Duan et al. 2011b ), but the decline in parasitism at lower parasitoid densities suggests there may partly be an effect of density on reproduction.
Overall, our findings support previous research suggesting that competition between S. galinae and T. planipennisi is likely to be minimal (Yang et al. 2012 , Wang et al. 2015 . Multiparasitism was extremely low, and only occurred once (under high parasitoid density). Therefore, at present there does not appear to be cause for concern over releasing both species at the same sites. Competition between these species appears to be mediated by trade-offs in brood size and parasitism efficiency (Wang et al. 2015) . Although S. galinae has been released in North America, it is too early to tell how this parasitoid has been interacting with T. planipennisi in the field. Future work should monitor field sites where both parasitoids have been released to determine the validity of results from laboratory studies.
